Gao Y‐M, Xu G, Wang B, Liu B‐C (Zhongda Hospital, Southeast University School of Medicine, Nanjing, China; Tongji Hospital, University of HuaZhong Science and Technology, Wuhan, China). Cytokine storm syndrome in coronavirus disease 2019: A narrative review (Review). J Intern Med, 2020; 10.1111/joim.13144

Introduction {#joim13144-sec-0001}
============

Synonymous with cytokine release syndrome (CRS), cytokine storm syndrome (CSS) is a cytokine‐mediated systemic inflammatory response induced by a variety of initiating factors, resulting in a clinical presentation of unremitting high fever, lymphadenopathy, hepatosplenomegaly, cytopaenia, hyperferritinaemia and central nervous system (CNS) abnormalities, and, if untreated, progression to multiple organ failure (MOF) is almost inevitable \[[1](#joim13144-bib-0001){ref-type="ref"}, [2](#joim13144-bib-0002){ref-type="ref"}, [3](#joim13144-bib-0003){ref-type="ref"}, [4](#joim13144-bib-0004){ref-type="ref"}, [5](#joim13144-bib-0005){ref-type="ref"}, [6](#joim13144-bib-0006){ref-type="ref"}\]. The hallmark of CSS is an unchecked feed‐forward activation and amplification of host immune, causing the massive release of a wide range of cytokines, such as interferon (IFN)‐γ, tumour necrosis factor (TNF), interleukin (IL)‐1, IL‐6 and IL‐18, which contributes to the formation of a cytokine storm \[[3](#joim13144-bib-0003){ref-type="ref"}, [6](#joim13144-bib-0006){ref-type="ref"}, [7](#joim13144-bib-0007){ref-type="ref"}, [8](#joim13144-bib-0008){ref-type="ref"}\]. CSS was firstly reported in the early 1990s, as a systemic reaction when the anti‐T‐cell antibody muromonab‐CD3 (OKT3) was used for the immunosuppressive treatment of solid organ transplantation \[[9](#joim13144-bib-0009){ref-type="ref"}\]. The triggers leading to CSS are heterogeneous and derive from infection \[[10](#joim13144-bib-0010){ref-type="ref"}, [11](#joim13144-bib-0011){ref-type="ref"}\], malignant tumour \[[12](#joim13144-bib-0012){ref-type="ref"}\], rheumatic disease \[[13](#joim13144-bib-0013){ref-type="ref"}, [14](#joim13144-bib-0014){ref-type="ref"}\], iatrogenic injury \[[15](#joim13144-bib-0015){ref-type="ref"}\] and the application of immunotherapeutic drugs \[[7](#joim13144-bib-0007){ref-type="ref"}, [16](#joim13144-bib-0016){ref-type="ref"}, [17](#joim13144-bib-0017){ref-type="ref"}\], amongst which infection is the most common cause \[[1](#joim13144-bib-0001){ref-type="ref"}\].

Coronaviruses (CoV) are enveloped, positive‐sense RNA viruses infecting multiple host species, including humans and several other vertebrates, which may cause cross‐species transmission \[[18](#joim13144-bib-0018){ref-type="ref"}\]. Generally, coronaviruses infecting humans can be classified into low pathogenic CoVs and highly pathogenic CoVs. Low pathogenic CoVs infect upper airway and cause seasonal respiratory illness, whilst highly pathogenic CoVs, such as severe acute respiratory syndrome CoV (SARS‐CoV) and Middle East respiratory syndrome CoV (MERS‐CoV), infect the lower respiratory tract and may lead to acute lung injury (ALI), acute respiratory distress syndrome (ARDS) and even death \[[19](#joim13144-bib-0019){ref-type="ref"}, [20](#joim13144-bib-0020){ref-type="ref"}\]. Since December 2019, the severe acute respiratory syndrome coronavirus 2 (SARS‐CoV‐2; previously named 2019 novel coronavirus or 2019‐nCoV) disease (COVID‐19) had rapidly spread from Wuhan of China to over 200 countries and regions in the world, caused global pandemic as claimed by WHO \[[21](#joim13144-bib-0021){ref-type="ref"}, [22](#joim13144-bib-0022){ref-type="ref"}, [23](#joim13144-bib-0023){ref-type="ref"}\]. The disease has affected over 6 500 000 people and killed more than 380 000 by 5 June 2020 \[[24](#joim13144-bib-0024){ref-type="ref"}\]. Previous studies have shown that cytokine storms are associated with the deterioration of patients with SARS and MERS \[[10](#joim13144-bib-0010){ref-type="ref"}\]. Similar to other highly pathogenic CoVs, there is growing evidence that cytokine storms caused by the excessive production of inflammatory factors may participate in the pathogenesis of patients with COVID‐19, which may be one of the key factors leading to the rapid worsening of the disease \[[25](#joim13144-bib-0025){ref-type="ref"}, [26](#joim13144-bib-0026){ref-type="ref"}\].

Therefore, early identification and treatment of CSS may be crucial for improving the outcome of critically ill patients with COVID‐19. Here, we summarize the pathogenesis, clinical manifestations of CSS, and highlight the current perspective about the recognition and potential therapeutics for CSS in COVID‐19.

Pathogenesis of CSS {#joim13144-sec-0002}
===================

To date, the pathogenesis of CSS has not been fully elucidated. Previous studies have shown that the development of CSS involves the imbalance of proinflammatory and anti‐inflammatory mechanisms and the interaction of a variety of cells and cytokines, resulting in immune regulation disorder, causing a series of clinical manifestations \[[3](#joim13144-bib-0003){ref-type="ref"}, [8](#joim13144-bib-0008){ref-type="ref"}, [27](#joim13144-bib-0027){ref-type="ref"}\]. The pathogenesis of CSS is summarized in Fig. [1](#joim13144-fig-0001){ref-type="fig"}.

![Proposed pathogenesis of CSS. In the setting of CAR T‐cell therapy, CAR T cells can recognize target cells (tumour cells) and induce the lysis of target cells, along with the activation of CAR T cells and T cell, causing a consecutive release of cytokines including IFN‐γ or TNF‐α. These cytokines trigger a cascade reaction by activation of innate immune cells including macrophages, DCs and endothelial cells with further cytokine releasing, which finally leads to a cytokine storm. In the setting of HLH, mutations in perforin coding gene or genes essential for perforin transport will cause a failure of normal cytolytic function and inability to clear the antigenic stimulus, leading to the persistent activation of macrophages and T cells by the infected cells, accompanied by excessive secretion of proinflammatory cytokines, which finally leads to a cytokine storm. Abbreviations: CSS: cytokine storm syndrome; CAR: chimeric antigen receptor; IFN‐γ: interferon‐gamma; TNF‐α: tumour necrosis factor‐alpha; IL: interleukin; CTL: cytotoxic T lymphocytes; NK cell: natural killer cell; and DC: dendritic cell.](JOIM-9999-na-g001){#joim13144-fig-0001}

Cytolytic cell dysfunction {#joim13144-sec-0003}
--------------------------

CSS has been described in haemophagocytic lymphohistiocytosis (HLH), which can be classified into primary (pHLH) and secondary HLH (sHLH). pHLH, also referred to as familial HLH (fHLH), often occurs in infants, whilst sHLH is mainly seen in adults and can be triggered by malignancy, infectionand autoimmunity \[[28](#joim13144-bib-0028){ref-type="ref"}\]. Macrophage activation syndrome (MAS) belongs to the spectrum of sHLH and complicates several rheumatic diseases, especially systemic juvenile idiopathic arthritis (sJIA) \[[29](#joim13144-bib-0029){ref-type="ref"}, [30](#joim13144-bib-0030){ref-type="ref"}, [31](#joim13144-bib-0031){ref-type="ref"}\]. The most progress in the understanding of the mechanism of CSS has been made in pHLH, which is a result of mutations in genes involved in the perforin‐mediated pathway of cytolysis shared by natural killer cells (NK cells) and cytotoxic CD8^+^ T cells \[[32](#joim13144-bib-0032){ref-type="ref"}\]. Normally, perforin in NK cells and cytotoxic CD8^+^ T cells can be packaged into cytolytic granules and then released into the immunologic synapse to form a pore between the lytic cell and the target cell (infected or tumour cells), allowing granzyme B, co‐packaged with perforin, to induce the apoptotic cell death of the target cell \[[8](#joim13144-bib-0008){ref-type="ref"}\]. Therefore, mutations in perforin coding gene or genes essential for perforin transport will cause a failure of normal cytolytic function and inability to clear the antigenic stimulus, leading to the hyperactivation of macrophages and T helper 1 (Th1) cells accompanied by excessive secretion of proinflammatory cytokines, causing a self‐amplifying hyperinflammatory state known as the cytokine storm \[[30](#joim13144-bib-0030){ref-type="ref"}, [33](#joim13144-bib-0033){ref-type="ref"}\]. In addition, some work also suggested that more than 40% of sHLH patients had heterozygous mutations in the fHLH‐associated genes \[[34](#joim13144-bib-0034){ref-type="ref"}\]. Similarly, gene mutations in sHLH alter cytolytic function in cytotoxic CD8^+^ T cells and NK cells as well.

Activation of immune and nonimmune cells {#joim13144-sec-0004}
----------------------------------------

### Macrophages {#joim13144-sec-0005}

Previous studies have shown that haemophagocytic macrophages were found to produce the proinflammatory cytokine TNF‐α and IL‐6 in the liver of MAS patients, suggesting that activated macrophages may participate in the pathogenesis of MAS \[[35](#joim13144-bib-0035){ref-type="ref"}\]. As we know, activated macrophages can produce a variety of cytokines, especially TNF‐α and a variety of interleukins (ILs, e.g. IL‐6, IL‐1 βand IL‐18), which may trigger the cascade reaction of inflammatory factors, and finally form a cytokine storm \[[8](#joim13144-bib-0008){ref-type="ref"}\]. Macrophages also play a crucial role in the CSS induced by chimeric antigen receptor (CAR) T‐cell therapy, which has demonstrated remarkable success in the treatment of CD19‐positive B‐cell malignant tumours. Van der Stegen and his colleagues showed that both toxicity and IL‐6 release could be ameliorated by prior macrophage depletion in a severe combined immunodeficiency (SCID)/beige mouse model of CSS induced by ErbB‐specific CAR T‐cell therapy \[[36](#joim13144-bib-0036){ref-type="ref"}\]. Subsequently, Singh and his colleagues demonstrated that monocyte‐derived cells were responsible for IL‐6 secretion in response to CAR T‐cell activation and IL‐6 blockade did not affect the therapeutic effect of CAR T cell \[[37](#joim13144-bib-0037){ref-type="ref"}\]. Similarly, using a murine model of CSS that developed within 2--3 days of CAR T‐cell infusion, Giavridis and his colleagues showed that the severity of CSS was not mediated by CAR T cell‐derived cytokines but by IL‐6, IL‐1 produced by recipient macrophages \[[38](#joim13144-bib-0038){ref-type="ref"}\]. Further, Norelli et al found that human monocytes were the major source of IL‐1 and IL‐6 during CSS in the humanized mice with high leukaemia burden. Accordingly, they found that both monocyte depletion and blocking IL‐6 or IL‐1 receptor could avoid the occurrence of CSS \[[39](#joim13144-bib-0039){ref-type="ref"}\]. All of these findings suggest that monocytes/macrophages play a crucial role in the development of CSS after CAR T‐cell therapy and enable new therapeutic interventions in this filed. Previous studies also demonstrated that macrophages infected by SARS and MERS‐CoV showed delayed but elevated levels of IFN and other proinflammatory cytokines, suggesting macrophages could play an important role in SARS and MERS pathogenesis \[[10](#joim13144-bib-0010){ref-type="ref"}\].

### Dendritic cells {#joim13144-sec-0006}

The role of dendritic cells (DCs) in the pathogenesis of CSS is mainly mediated by their ability to present antigen to T cells \[[40](#joim13144-bib-0040){ref-type="ref"}\]. Hermans et al demonstrated that cytotoxic T cell‐mediated clearance of antigen‐loaded DC may serve as a negative feedback mechanism to limit the activity of DC within the lymph node \[[41](#joim13144-bib-0041){ref-type="ref"}\]. As we mentioned above, patients with pHLH or some patients with MAS have cytolytic cell dysfunction, which means cytotoxic T cells may fail to clear the antigen‐loaded DCs. This leads to persistent activation of DCs and antigen presentation to T cells \[[42](#joim13144-bib-0042){ref-type="ref"}\], which in turn leads to the overproduction of proinflammatory cytokines.

### Endothelial cells {#joim13144-sec-0007}

Endothelial activation may also participate in the pathogenesis of CSS, which may contribute to haemodynamic instability, capillary leak and consumptive coagulopathy \[[16](#joim13144-bib-0016){ref-type="ref"}\]. On the one hand, the excessive production of proinflammatory cytokines such as IL‐6 and IFN‐γ can induce endothelial activation in severe CSS, characterized by the release of stored von Willebrand factor and angiopoietin‐2. Angiopoietin‐2 can further amplify endothelial activation \[[43](#joim13144-bib-0043){ref-type="ref"}\]. On the other hand, Amrom et al reported that vascular endothelial cell was also a key source of IL‐6 in a patient who died of CSS after CAR T‐cell therapy \[[44](#joim13144-bib-0044){ref-type="ref"}\].

Excessive production of cytokines {#joim13144-sec-0008}
---------------------------------

Previous studies have shown that a variety of cytokines can be markedly increased in patients with CSS, which may vary according to the heterogeneity of the disease background (Table [1](#joim13144-tbl-0001){ref-type="table"}). In the setting of MAS, several studies suggested that IL‐1 receptor antagonists and IL‐6 antagonists were effective in patients with sJIA complicated with MAS \[[13](#joim13144-bib-0013){ref-type="ref"}, [45](#joim13144-bib-0045){ref-type="ref"}, [46](#joim13144-bib-0046){ref-type="ref"}, [47](#joim13144-bib-0047){ref-type="ref"}\], but there is still no evidence that IL‐1β and IL‐6 are directly related to the pathogenesis of MAS. The increase of IL‐18 level is also related to the susceptibility of MAS in sJIA, but the specific mechanism is still unclear \[[48](#joim13144-bib-0048){ref-type="ref"}\]. In the context of CAR T‐cell therapy, CSS is induced by the excessive release of IFN‐γ by activated T cells or tumour cells. IFN‐γ can then facilitate the activation of other immune cells, especially macrophages. The activated macrophages produce excessive amounts of additional cytokines such as IL‐6, TNF‐α, IL‐8 and IL‐10, which leads to other corresponding clinical manifestations \[[16](#joim13144-bib-0016){ref-type="ref"}, [49](#joim13144-bib-0049){ref-type="ref"}\]. In the setting of influenza virus‐related CSS, Farrar and his colleagues found that patients infected with H5N1 had higher levels of monocyte chemoattractant protein 1 (MCP‐1), monokine induced by IFN‐gamma (MIG), interferon‐gamma‐induced protein‐10 (IP‐10) and IL‐8 than patients infected with seasonal H1N1 common influenza \[[11](#joim13144-bib-0011){ref-type="ref"}\]. In HIN1‐related CSS, Kelvin and his colleagues demonstrated that patients with more severe infection had higher secretion of Th1 and Th17 cytokines, such as IL‐15, IL‐12p70 and IL‐6 \[[50](#joim13144-bib-0050){ref-type="ref"}\]. Moreover, previous studies also confirmed that cytokines played an important role in the pathogenesis of severe CoV infection. The serum proinflammatory cytokines (IFN‐γ, transforming growth factor‐β (TGF‐β), IL‐1, IL‐6, IL‐12) in severe SARS patients were significantly higher than those with mild to moderate symptoms, and serum proinflammatory cytokines (IFN‐α, IL‐6, IL‐8) in severe MERS patients were significantly increased as well \[[10](#joim13144-bib-0010){ref-type="ref"}\].

###### 

Major cytokines involved in CSS in the context of different diseases

  Disease background   Cytokines                                                                           References
  -------------------- ----------------------------------------------------------------------------------- -------------------------------------------------------------------------------------------------------------------------------------
  MAS                  IFN‐γ, TNF‐α, IL‐1β, IL‐2, sIL2Rα, IL‐6, IL‐10, IL‐12, IL‐18                        \[[51](#joim13144-bib-0051){ref-type="ref"}, [52](#joim13144-bib-0052){ref-type="ref"}, [53](#joim13144-bib-0053){ref-type="ref"}\]
  CAR T cell therapy   IFN‐γ, TNF‐α, IL‐1, IL‐2, sIL2Rα, IL‐6, IL‐8, IL‐10, IL‐12, MCP‐1, MIP‐1a, GM‐CSF   \[[16](#joim13144-bib-0016){ref-type="ref"}, [49](#joim13144-bib-0049){ref-type="ref"}\]
  H5N1 influenza       IFN‐γ, IL‐6, IL‐8, IL‐10, MCP‐1, MIG, IP‐10,                                        \[[11](#joim13144-bib-0011){ref-type="ref"}\]
  H1N1 influenza       IFN‐γ, TNF‐α, IL‐6, IL‐8, IL‐9, IL‐17, IL‐15, IL‐12p70                              \[[50](#joim13144-bib-0050){ref-type="ref"}\]
  SARS                 IFN‐γ, IL‐1, IL‐6, IL‐12, TGF‐β, MCP‐1, MIG, IP‐10, IL‐8                            \[[10](#joim13144-bib-0010){ref-type="ref"}\]
  MERS                 IFN‐α, IL‐1β, IL‐2, IL‐6, IL‐8, MCP‐1, MIP‐1a, CCL‐5                                \[[10](#joim13144-bib-0010){ref-type="ref"}\]

CAR T cell, chimeric antigen receptor T cell; CCL, chemokine (C‐C motif) ligand; CSS, cytokine storm syndrome; GM‐CSF, granulocyte‐macrophage colony‐stimulating factor; IFN‐γ, interferon‐γ; IL, interleukin; IP‐10, interferon‐gamma‐induced protein‐10; MAS, macrophage activation syndrome; MCP‐1, monocyte chemoattractant protein 1; MERS, Middle East respiratory syndrome; MIG, monokine induced by IFN‐gamma; MIP‐1a, macrophage inflammatory protein 1a; SARS, severe acute respiratory syndrome; sIL2Rα, soluble IL2 receptor α; TGF‐β, transforming growth factor‐β; TNF‐α, tumour necrosis factor‐α.
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Possible mechanisms of CSS in COVID‐19 {#joim13144-sec-0009}
--------------------------------------

The cytokine storm in COVID‐19 may have some differences from the cytokine storms in other clinical settings. Remarkably, the autopsy findings revealed that the lymphoid tissues and organs had been destroyed in COVID‐19 patients \[[54](#joim13144-bib-0054){ref-type="ref"}, [55](#joim13144-bib-0055){ref-type="ref"}\], which is very unusual from CSS in sepsis and CAR T‐cell therapy. Spleen atrophy and lymph node atrophy are observed in patients with COVID‐19 \[[54](#joim13144-bib-0054){ref-type="ref"}, [55](#joim13144-bib-0055){ref-type="ref"}\], whilst in other CSS‐related diseases, lymphadenopathy and splenomegaly are more common \[[4](#joim13144-bib-0004){ref-type="ref"}\]. However, the specific mechanisms for these differences remain unclear and need to be further clarified. Here, we summarize the evidence of CSS in COVID‐19 and the possible pathogenesis of cytokine storm induced by SARS‐CoV‐2.

### The direct effect of SARS‐CoV‐2 {#joim13144-sec-0010}

Coronaviruses (CoVs) are enveloped, positive‐sense, single‐stranded RNA viruses, which have caused two large‐scale pandemics in the last two decades, SARS and MERS \[[10](#joim13144-bib-0010){ref-type="ref"}\]. Spike (S) proteins of coronaviruses, including the SARS‐CoV, facilitate viral entry into their target cells via the interaction with functional cellular receptor identified as angiotensin‐converting enzyme 2 (ACE2) \[[56](#joim13144-bib-0056){ref-type="ref"}\]. Generally, ACE2 was highly expressed in alveolar epithelial cells, vascular endothelial cells, intestinal epithelial cells, cardiomyocytes and renal proximal tubular cells \[[57](#joim13144-bib-0057){ref-type="ref"}\]. Functionally, ACE2, belonging to the ACE family, inactivates angiotensin Ⅱ(AngⅡ) and generates angiotensin 1--7, a biologically active heptapeptide characterized by a potent vasodilator function \[[58](#joim13144-bib-0058){ref-type="ref"}\]. It has been demonstrated that the binding of the coronavirus spike protein to ACE2 leads to the down‐regulation of ACE2, which in turn results in excessive production of vasoconstrictor AngⅡ and reduced production of vasodilator angiotensin 1--7. AngⅡ also plays the role as a proinflammatory cytokine via angiotensin receptor 1 (AT1R). The AngⅡ‐AT1R axis further activates NF‐κB and metalloprotease 17 (ADAM17), which stimulates the production of the mature form of epidermal growth factor receptor (EGFR) ligands and TNF‐α \[[59](#joim13144-bib-0059){ref-type="ref"}\]. Additionally, the induction of ADAM17 also processes the membrane form of IL‐6Rα to the soluble form (sIL‐6Rα), followed by the gp130‐mediated activation of STAT3 via the sIL‐6Rα‐IL‐6 complex. The activation of both NF‐κB and STAT3, which in turn activate the IL‐6 amplifier (IL‐6 Amp), a mechanism for the hyperactivation of NF‐κB by STAT3, will lead to a hyperinflammatory state, resulting in increased pulmonary vascular permeability \[[60](#joim13144-bib-0060){ref-type="ref"}\]. Apart from ACE2, the entry of CoVs also requires S protein priming by cellular proteases, and SARS‐CoV employs the cellular serine protease TMPRSS2 for S protein priming \[[61](#joim13144-bib-0061){ref-type="ref"}\]. Recent studies also indicated that ACE2 was a functional receptor of SARS‐CoV‐2 \[[62](#joim13144-bib-0062){ref-type="ref"}, [63](#joim13144-bib-0063){ref-type="ref"}\]. Additionally, Wrapp and his colleagues found that the receptor‐binding ability of SARS‐CoV‐2 was 10‐20 times stronger than that of SARS‐CoV \[[64](#joim13144-bib-0064){ref-type="ref"}\]. Moreover, Hoffmann and his colleagues found that SARS‐CoV‐2 also used the serine protease TMPRSS2 for S protein priming \[[65](#joim13144-bib-0065){ref-type="ref"}\]. Based on the similarity between SARS‐CoV‐2 and SARS‐CoV, a similar mechanism of hyperinflammatory state can be expected for SARS‐CoV‐2. Furthermore, using the (AT1R) blockers and TMPRSS2 inhibitors may be a promising treatment option for SARS‐CoV‐2 infection.

### Immune dysfunction {#joim13144-sec-0011}

A postmortem study in patients with COVID‐19 demonstrated that the pathological features of COVID‐19 greatly resembled those seen in SARS and MERS, with a histological examination showing a bilateral diffuse alveolar damage with cellular fibromyxoid exudates \[[66](#joim13144-bib-0066){ref-type="ref"}, [67](#joim13144-bib-0067){ref-type="ref"}\]. Of note, using the method of flow cytometry, they found the number of peripheral CD4^+^ and CD8^+^ T cells substantially reduced, whilst the status of these cells was over‐activated. CD8^+^T cells were found to harbour high concentrations of cytotoxic granules, such as perforin and granulysin. Additionally, there was an increased concentration of highly proinflammatory Th17 cells \[[66](#joim13144-bib-0066){ref-type="ref"}\]. In summary, the over‐activation of T cells, including the increase of proinflammatory Th17 and high cytotoxicity of CD8^+^ T cells, may partly account for the severe immune injury in this patient. Zhou's group also demonstrated that CD4^+^ T lymphocytes are rapidly activated to become pathogenic T helper (Th) 1 cells and inflammatory CD14^+^CD16^+^ monocytes were found in peripheral blood after the SARS‐CoV‐2 infection \[[68](#joim13144-bib-0068){ref-type="ref"}\]. In a retrospective study of 123 patients with COVID‐19, the percentage of NK cell reduced 34.31% and 47.62% in mild and severe groups respectively, suggesting a more obvious NK cell reduction in severe patients \[[69](#joim13144-bib-0069){ref-type="ref"}\]. In addition, other autopsy findings of COVID‐19 patients also demonstrated the characteristic diffused alveolar damage, with major monocytes and macrophages infiltration rather than lymphocytes \[[54](#joim13144-bib-0054){ref-type="ref"}, [55](#joim13144-bib-0055){ref-type="ref"}\], indicating that macrophages may also play an important role in cytokine storm induced by SARS‐CoV‐2.

### Elevation of inflammatory cytokines {#joim13144-sec-0012}

Previous studies showed that high serum levels of proinflammatory cytokines and chemokines were found in SARS and MERS patients, indicating the exaggerated cytokine and chemokine responses played an important role in the pathogenesis of CoV infection \[[10](#joim13144-bib-0010){ref-type="ref"}\]. A retrospective study also found that compared with nonsevere patients, intensive care unit (ICU) patients showed higher plasma concentrations of IL‐2, IL‐7, IL‐10, granulocyte colony‐stimulating factor (GCSF), IP‐10, MCP‐1, MIP‐1aand TNF‐α, suggesting there might be a cytokine storm in the body of severe patients \[[26](#joim13144-bib-0026){ref-type="ref"}\]. Zhou's group revealed that a high percentage of granulocyte‐macrophage colony‐stimulating factor (GM‐CSF)+ and IL‐6 + expressions could be found in CD4 + T cells from COVID‐19 patients in both ICU and non‐ICU patients compared to healthy controls. CD14 + CD16+ inflammatory monocyte from COVID‐19 patients also showed the capability to secrete GM‐CSF. Importantly, the level of IL‐6 secreted from these inflammatory monocytes was significantly higher in ICU patients than non‐ICU patients, suggesting targeting GM‐CSF or IL‐6 may be effective in blocking inflammatory storms in COVID‐19 patients \[[68](#joim13144-bib-0068){ref-type="ref"}\].

Finally, it can be speculated that the direct effect of the virus, immune response and massive release of inflammatory factors eventually contribute to a cytokine storm in the pathogenesis of COVID‐19 (Fig. [2](#joim13144-fig-0002){ref-type="fig"}). However, the number of related studies is still very small, and further research is needed to investigate the mechanism of cytokine storms in COVID‐19 patients.

![Possible mechanisms of cytokine storms in COVID‐19. SARS‐CoV‐2 transmitted by air droplets reaches the lungs. On the one hand, the S protein on the surface of the virus binds to the ACE2 receptor in alveolar epithelial cells, resulting in the down‐regulation of ACE2 expression and an increase of angiotensin level, which leads to increased pulmonary capillary permeability and pulmonary oedema. On the other hand, SARS‐CoV‐2 reaches the lungs again through blood circulation and interacts with ACE2 receptors on the surface of alveolar capillary endothelial cells, making the alveolar capillary endothelium the target of attack by the immune system, thus inducing a series of immune responses and aggravating lung injury. The imbalance of lymphocyte subsets characterized by the decrease of CD4^+^, CD8^+^ T cells, the increase of the number of proinflammatory Th17 cells and the increase of CD8^+^ cytotoxic particles, aggravated the disorder of host immune system. Inflammatory monocytes amplify cytokines production. In addition, many kinds of cytokines are released in patients with COVID‐19, which contribute to the formation of a cytokine storm. Abbreviations: ACE2: angiotensin‐converting enzyme 2 and NK cell: natural killer cell.](JOIM-9999-na-g002){#joim13144-fig-0002}

Clinical characteristics {#joim13144-sec-0013}
========================

Clinical manifestations of CSS {#joim13144-sec-0014}
------------------------------

The clinical symptoms of patients with CSS vary from mild influenza‐like symptoms to severe ones that may have uncontrolled systemic inflammatory responses, disseminated intravascular coagulation (DIC), shock and MOF \[[4](#joim13144-bib-0004){ref-type="ref"}, [6](#joim13144-bib-0006){ref-type="ref"}\]. The common clinical features of CSS include persistent fever, splenomegaly, hepatomegaly accompanied by liver dysfunction, lymphadenopathy, coagulation disorders, cytopaenia and symptoms of the central nervous system, mainly characterized by an acute or subacute (1--4 weeks) course of disease \[[5](#joim13144-bib-0005){ref-type="ref"}\]. Respiratory symptoms are also common in patients with CSS, and mild cases can be characterized by cough and shortness of breath, whilst severe ones can progress to ALI and ARDS with radiological abnormalities. In addition, renal failure or cardiac insufficiency may also occur in CSS \[[6](#joim13144-bib-0006){ref-type="ref"}\]. Common laboratory abnormalities in CSS patients include pancytopaenia (anaemia, leukopenia, thrombocytopaenia), elevated serum creatinine, liver enzymes and C‐reactive protein (CRP), as well as coagulation abnormalities. In HLH/MAS patients, hyperferritinaemia and hypertriglyceridemia may also occur, and haemophagocytes can be seen in bone marrow aspiration \[[31](#joim13144-bib-0031){ref-type="ref"}\].

Clinical characteristics of severe patients with COVID‐19 {#joim13144-sec-0015}
---------------------------------------------------------

According to a report of 72,314 cases from the Chinese Center for Disease Control and Prevention, most cases of COVID‐19 were classified as mild (81%), 14% were severe (dyspnoea, respiratory rate ≥ 30/min, blood oxygen saturation ≤ 93%, the partial pressure of arterial oxygen to fraction of inspired oxygen ratio \< 300 and/or lung infiltrates\> 50% within 24 to 48 h), and 5% were critical (respiratory failure, septic shock and/or multiple organ dysfunction or failure). The overall case‐fatality rate was 2.3% \[[70](#joim13144-bib-0070){ref-type="ref"}\]. Severe patients who need critical care have tended to be older (median age ≈60 years), and 40% have had comorbidities, such as diabetes and cardiac disease \[[71](#joim13144-bib-0071){ref-type="ref"}\]. Lymphocytopaenia is one of the most prominent characteristics of COVID‐19 \[[26](#joim13144-bib-0026){ref-type="ref"}, [71](#joim13144-bib-0071){ref-type="ref"}, [72](#joim13144-bib-0072){ref-type="ref"}, [73](#joim13144-bib-0073){ref-type="ref"}, [74](#joim13144-bib-0074){ref-type="ref"}\], indicating that SARS‐CoV‐2 may attack the immune system. Moreover, a retrospective study of 452 patients with COVID‐19 showed that severe cases tend to have lower lymphocytes counts, higher leucocytes counts and neutrophil--lymphocyte ratio (NLR). It also demonstrated that the number of T cells was more hampered in severe cases and helper T cells were lower in the severe group, suggesting that the surveillance of NLR and lymphocyte subsets may contribute to the early screening of critical illness \[[75](#joim13144-bib-0075){ref-type="ref"}\]. In addition, compared with nonsevere patients, severe patients may have significantly higher levels of inflammatory parameters, including CRP, ferritin and proinflammatory cytokines (such as IL‐2R, IL‐6, GM‐CSF, IP‐10, MCP‐1, MCP‐1α and TNF‐α) \[[26](#joim13144-bib-0026){ref-type="ref"}, [76](#joim13144-bib-0076){ref-type="ref"}\], indicating the presence of a cytokine storm in severe patients. Moreover, patients with COVID‐19 have been found to have an elevated level of D‐dimer, and there is growing evidence that some severe patients can have myocardial dysfunction or myocarditis, which may be partly associated with the cytokine storm \[[77](#joim13144-bib-0077){ref-type="ref"}\]. Liver involvement or renal injury may also present in severe patients with COVID‐19, which may also raise the possibility that this reflects the presence of a cytokine storm \[[26](#joim13144-bib-0026){ref-type="ref"}, [72](#joim13144-bib-0072){ref-type="ref"}, [73](#joim13144-bib-0073){ref-type="ref"}, [74](#joim13144-bib-0074){ref-type="ref"}\]. Summary of clinical characteristics of severe patients with COVID‐19 in various studies is shown in Table [2](#joim13144-tbl-0002){ref-type="table"}.

###### 

Summary of clinical characteristics of severe patients with COVID‐19 in various studies

  Studies                                                                Huang et al \[[26](#joim13144-bib-0026){ref-type="ref"}\]   Wang et al \[[71](#joim13144-bib-0071){ref-type="ref"}\]   Guan et al \[[72](#joim13144-bib-0072){ref-type="ref"}\]   Cao et al \[[73](#joim13144-bib-0073){ref-type="ref"}\]   Qi et al \[[74](#joim13144-bib-0074){ref-type="ref"}\]
  ------------------------------------------ --------------------------- ----------------------------------------------------------- ---------------------------------------------------------- ---------------------------------------------------------- --------------------------------------------------------- --------------------------------------------------------
  Basic clinical features                    Number of severe patients   13                                                          36                                                         173                                                        19                                                        50
  Age, years                                 49.0 (41.0--61.0)           66 .0 (57.0--78.0)                                          52.0 (40.0--65.0)                                          63.7                                                       71.5 (65.8, 77.0)                                         
  Male (%)                                   85                          61.1                                                        57.8                                                       89.5                                                       78.0                                                      
  Comorbidities                              Hypertension                15.0                                                        58.3                                                       23.7                                                       31.6                                                      26.0
  Diabetes                                   8.0                         22.2                                                        16.2                                                       10.5                                                       24.0                                                      
  Cardiovascular disease                     23.0                        25.0                                                        2.3                                                        26.3                                                       NR                                                        
  Common symptoms                            Fever (%)                   100.0                                                       100.0                                                      91.3                                                       94.7                                                      78.0
  Headache (%)                               8.3                         8.3                                                         15.0                                                       0                                                          NR                                                        
  Myalgia (%)                                33.3                        33.3                                                        17.3                                                       31.6                                                       74.0                                                      
  Cough (%)                                  76.0                        58.3                                                        70.5                                                       36.8                                                       68.0                                                      
  Dyspnoea (%)                               92.0                        63.9                                                        37.6                                                       36.8                                                       34.0                                                      
  Diarrhoea (%)                              0                           16.7                                                        5.8                                                        0                                                          NR                                                        
  Laboratory examinations                    Lymphocytopaenia (%)        85                                                          NR                                                         95.5                                                       84.2                                                      92.0
  Thrombocytopaenia (%)                      8                           NR                                                          57.7                                                       31.6                                                       38.0                                                      
  AST↑(%)                                    62                          NR                                                          39.4                                                       42.1                                                       NR                                                        
  Creatinine↑ (%)                            15                          NR                                                          4.3                                                        15.8                                                       NR                                                        
  CK↑ (%)                                    46                          NR                                                          19.0                                                       NR                                                         36.0                                                      
  LDH↑ (%)                                   92                          NR                                                          58.1                                                       NR                                                         36.0                                                      
  Troponin↑ (%)                              31                          NR                                                          NR                                                         47.4                                                       14.3                                                      
  CRP↑ (%)                                   NR                          NR                                                          81.5                                                       78.6                                                       58.0                                                      
  ESR↑ (%)                                   NR                          NR                                                          NR                                                         100                                                        NR                                                        
  Serum ferritin↑ (%)                        NR                          NR                                                          NR                                                         NR                                                         NR                                                        
  D‐dimer↑ (%)                               NR                          NR                                                          59.6                                                       63.2                                                       26.0                                                      
  Day from illness onset to dyspnoea (day)                               8.0 (6.0‐17.0)                                              6.5 (3.0‐10.8)                                             5.0 (3.0‐8.0)                                              NR                                                        3.0 (2.0‐5.0)
  Complications                              ARDS (%)                    85                                                          61.1                                                       15.6                                                       NR                                                        54.0
  Acute cardiac injury\* (%)                 31                          22.2                                                        NR                                                         NR                                                         6.0                                                       
  Acute kidney injury (%)                    23                          8.3                                                         2.9                                                        NR                                                         NR                                                        
  Co‐infection (%)                           31                          NR                                                          NR                                                         NR                                                         NR                                                        
  Shock (%)                                  23                          30.6                                                        6.4                                                        NR                                                         22.0                                                      

Acute cardiac injury\* was defined if the serum levels of cardiac biomarkers (e.g. troponin I) were above the 99th percentile upper reference limit or new abnormalities were shown in electrocardiography and echocardiography; ARDS, acute respiratory distress syndrome; AST, aspartate aminotransferase; CK, creatinine kinase; CRP, C‐reactive protein; ESR, erythrocyte sedimentation rate; LDH: lactose dehydrogenase; NR, not reported.

John Wiley & Sons, Ltd

This article is being made freely available through PubMed Central as part of the COVID-19 public health emergency response. It can be used for unrestricted research re-use and analysis in any form or by any means with acknowledgement of the original source, for the duration of the public health emergency.

Recognition of CSS in COVID‐19 {#joim13144-sec-0016}
==============================

There is no unified standard for the diagnosis of COVID‐19 associated with CSS, and further clinical and laboratory researches are needed. Here, we propose a basic principle for consideration of CSS in COVID‐19: (i) a sudden or rapid progression with multiple organ involvement (such as liver, cardiac or renal injury); (ii) the significant decline of peripheral blood lymphocyte counts; (iii) the significant elevation of systematic inflammatory indicators (such as CRP, serum ferritin, erythrocyte sedimentation rate); and (iv) the elevation of multiple cytokines, such as IL‐1β, IL‐2R, IL‐6, IFN‐γ, IP‐10, MCP‐1, TNF‐α and MIP1a. Clinicians should keep highly alert on the possibility of CSS under these circumstances. However, given that CSS is a highly heterogeneous disease and may present with unspecific syndromes, the diagnosis of CSS in COVID‐19 is very challenging and the development of a specific diagnostic test that helps to make the diagnosis of CSS earlier is a high priority for future research.

Potential therapeutic options for CSS in COVID‐19 {#joim13144-sec-0017}
=================================================

Glucocorticoid {#joim13144-sec-0018}
--------------

Glucocorticoid has powerful anti‐inflammatory properties and is an effective choice for the treatment of CSS \[[1](#joim13144-bib-0001){ref-type="ref"}\]. Corticosteroids were widely used during the outbreaks of SARS and MERS. Several studies demonstrated that timely administration of corticosteroids often leads to improvement of radiographic outcome and oxygenation in SARS as a consequence of more effective control of immunopathological lung damage \[[78](#joim13144-bib-0078){ref-type="ref"}, [79](#joim13144-bib-0079){ref-type="ref"}\]. However, a meta‐analysis of corticosteroid use in patients with SARS showed that in 29 studies of steroid use, 25 were inconclusive and four were classified as causing possible harm \[[80](#joim13144-bib-0080){ref-type="ref"}\]. A retrospective observational study of critically ill patients with MERS reported that the administration of corticosteroids did not improve the 90‐day mortality (adjusted odds ratio 0·8, 95% CI 0.5--1.1; *P* = 0.12) \[[81](#joim13144-bib-0081){ref-type="ref"}\]. Additionally, the early application of corticosteroids may delay viral clearance in SARS‐CoV \[[82](#joim13144-bib-0082){ref-type="ref"}\] and MERS‐CoV \[[81](#joim13144-bib-0081){ref-type="ref"}\] infections, and increase secondary infection rates and mortality in patients of influenza pneumonitis \[[83](#joim13144-bib-0083){ref-type="ref"}\]. Therefore, glucocorticoids should not be used in theearly phases of disease unless there is a clear indication for their use \[[84](#joim13144-bib-0084){ref-type="ref"}\].

For patients with COVID‐19, a newly published autopsy report demonstrated that pulmonary oedema and hyaline membrane formation were present in the lung of the patient, indicating timely and appropriate use of corticosteroids together with ventilator support may be considered for the severe patients to prevent ARDS development \[[66](#joim13144-bib-0066){ref-type="ref"}\]. At present, several retrospective studies have reported that corticosteroids were used for the treatment of severe patients to reduce inflammatory‐induced lung injury \[[25](#joim13144-bib-0025){ref-type="ref"}, [26](#joim13144-bib-0026){ref-type="ref"}, [71](#joim13144-bib-0071){ref-type="ref"}\]. However, there is still no evidence from randomized clinical trials to support the application of glucocorticoids in patients with COVID‐19.

In China, the newly updated version of the guidelines for the prevention, diagnosis and treatment of pneumonia caused by COVID‐19 pointed out that patients with progressive deterioration of oxygenation indicators, rapid imaging progress and excessive activation of the inflammatory response are recommended to use glucocorticoid within a short period time (3--5 day) and a recommended dose not exceeding the equivalent of methylprednisolone 1--2 mg kg^‐1^ d^‐1^ \[[54](#joim13144-bib-0054){ref-type="ref"}\]. The efficacy and safety of glucocorticoids in COVID‐19 still needs to be elucidated in further high‐quality clinical trials.

Blood purification therapy {#joim13144-sec-0019}
--------------------------

The application of blood purification technology is helpful to the removal of cytokines and may be beneficial to improve the clinical outcome of critically ill patients. Commonly used extracorporeal blood purification treatments in CSS include plasma exchange, blood/plasma filtration, adsorption, perfusion and continuous renal replacement therapy (CRRT).

Previous studies have suggested that therapeutic plasma exchange plays an important role in the treatment of severe HLH \[[85](#joim13144-bib-0085){ref-type="ref"}, [86](#joim13144-bib-0086){ref-type="ref"}\]. Similarly, high‐volume haemofiltration has also been reported to improve organ function in critically ill children with HLH by reducing the levels of cytokines (such as TNF‐α and IL‐6) \[[87](#joim13144-bib-0087){ref-type="ref"}\]. In addition, a positive therapeutic effect was also seen in septic patients due to its ability to successfully remove some inflammatory cytokines and improve the sequential organ failure assessment (SOFA) score after the application of high‐volume haemofiltration for 6 h \[[88](#joim13144-bib-0088){ref-type="ref"}\]. Moreover, a randomized controlled study showed that compared with conventional‐dose CRRT, high‐dose CRRT treatment could reduce blood IL‐6 and IL‐8 levels in septic patients with AKI more significantly \[[89](#joim13144-bib-0089){ref-type="ref"}\]. In terms of the proper time for initiation of RRT, a previous double‐blind randomized controlled study suggested that early initiation of RRT \[started within 8 h at stage 2 of KDIGO (Kidney Disease: Improving Global Outcomes) guideline\] could significantly reduce the 90‐day mortality of critically ill patients compared with delayed (started over 12 h of KDIGO stage 3) \[[90](#joim13144-bib-0090){ref-type="ref"}\], whilst others reported that there was no significant difference in overall mortality at 90 days between an early strategy (within 12 h after documentation of failure‐stage acute kidney injury) for the initiation of RRT or a delayed strategy (48 h if renal recovery had not occurred) \[[91](#joim13144-bib-0091){ref-type="ref"}\]. The discrepancies may partly due to the differences in inclusion criteria and dialysis techniques, and further multicentre trials of this intervention are warranted.

CytoSorb®, a recently developed, commercially available haemoadsorption device that utilizes extracorporeal blood purification, is designed to reduce systemic cytokine burden. Numerous case reports and case series have suggested improved clinical outcomes with CytoSorb in patients with septic shock \[[92](#joim13144-bib-0092){ref-type="ref"}\]. Recently, CytoSorb® was also reported to be effective in a patient developed CSS after CAR T‐cell application \[[93](#joim13144-bib-0093){ref-type="ref"}\]. Given that there is excessive production of various cytokines in patients with COVID‐19, CytoSorb® may become a potential therapeutic candidate in COVID‐19 patients complicated with CSS.

Based on the previous experience in the treatment of patients with SARS and MERS and collected clinical experience in treatment of critical ill patients in China \[[94](#joim13144-bib-0094){ref-type="ref"}, [95](#joim13144-bib-0095){ref-type="ref"}\], the newly updated version of guidelines for the prevention, diagnosis, and treatment of pneumonia caused by COVID‐19 in China also recommended that COVID‐19 patients with high inflammatory response could consider to use extracorporeal blood purification technology for removal of cytokines and mitigate CSS \[[54](#joim13144-bib-0054){ref-type="ref"}\].

Biological agents {#joim13144-sec-0020}
-----------------

### IL‐1‐inhibiting agent {#joim13144-sec-0021}

Dysfunction of the innate immune system involving IL‐1 is important to CSS pathogenesis. Anakinra is a recombinant, nonglycosylated form of human IL‐1Ra, which can block the biologic activity of both IL‐1α and IL‐1β by competitively inhibiting their binding to IL‐1R. In the treatment of MAS associated with sJIA and AOSD, numerous studies supported the application of anakinra \[[45](#joim13144-bib-0045){ref-type="ref"}, [46](#joim13144-bib-0046){ref-type="ref"}, [47](#joim13144-bib-0047){ref-type="ref"}\]. In the setting of CSS induced by CAR T‐cell therapy, Norelli and his colleagues demonstrated that anakinra could abolish both CSS and neurotoxicity, resulting in substantially extended leukaemia‐free survival using a humanized mice with high leukaemia burden \[[39](#joim13144-bib-0039){ref-type="ref"}\]. In terms of severe sepsis, a previous, randomized, multicentre phase III trial reported that anakinra failed to demonstrate a statistically significant reduction in 28‐day mortality \[[96](#joim13144-bib-0096){ref-type="ref"}\]. However, a reanalysis of data from this phase III randomized trial found that interleukin‐1 receptor blockade was associated with significant improvement in survival of patients with hepatobiliary dysfunction and DIC \[[97](#joim13144-bib-0097){ref-type="ref"}\]. Recent clinical studies showed that IL‐1β was also markedly elevated in patients with COVID‐19 \[[26](#joim13144-bib-0026){ref-type="ref"}\]. Currently, there are several anakinra studies registered for COVID‐19 (NCT04357366, NCT04324021, NCT04339712, NCT04330638, NCT04341584, NCT02735707). Apart from anakinra, there are currently other anti‐IL‐1 agents available, such as canakinumab and rilonacept. The potential therapeutic effect of IL‐1 inhibition still needs to be investigated in these clinical trials.

### IL‐6‐inhibiting agent {#joim13144-sec-0022}

IL‐6 seems to play an important role in the pathophysiology of CSS since highly elevated IL‐6 levels are seen in patients with CSS \[[3](#joim13144-bib-0003){ref-type="ref"}, [8](#joim13144-bib-0008){ref-type="ref"}\] and murine models of the disease \[[39](#joim13144-bib-0039){ref-type="ref"}\]. Recent studies have also shown that there is a significant elevation of IL‐6 in COVID‐19, especially in critically ill patients \[[25](#joim13144-bib-0025){ref-type="ref"}, [26](#joim13144-bib-0026){ref-type="ref"}\]. Furthermore, elevated levels of the IL‐6 in the blood have been reported to be predictive of a fatal outcome in patients with COVID‐19 \[[98](#joim13144-bib-0098){ref-type="ref"}\]. Recently, Chen et al reported that detectable serum SARS‐CoV‐2 RNA (RNAaemia) in COVID‐19 patients was associated with elevated IL‐6 concentration and poor prognosis, suggesting IL‐6 could be a potential therapeutic target for severe patients in the hyperinflammatory state \[[99](#joim13144-bib-0099){ref-type="ref"}\].

Tocilizumab, a recombinant human IL‐6 monoclonal antibody, specifically binds to soluble and membrane‐bound IL‐6 receptors (IL‐6R), thus blocking IL‐6 signalling and its mediated inflammatory response, which has been demonstrated to show outstanding efficacy in the rescue of CSS accompanied by T‐cell engaged therapy \[[49](#joim13144-bib-0049){ref-type="ref"}\]. However, clinical experience with tocilizumab in viral disease is very limited. Meanwhile, the application of tocilizumab may also increase the risk of opportunistic infections which may be a barrier for the wide use of tocilizumab in the treatment of COVID‐19 \[[100](#joim13144-bib-0100){ref-type="ref"}\]. In addition, it has been demonstrated that IL‐6 is necessary for resolution influenza virus infection by reducing virus‐induced death of neutrophils in the lung and by promoting neutrophil‐mediated viral clearance \[[101](#joim13144-bib-0101){ref-type="ref"}\], so similar studies on COVID‐9 are urgently needed.

Currently, tocilizumab is suggested for the treatment of patients with extensive lung lesions and elevated IL‐6 levels in China \[[54](#joim13144-bib-0054){ref-type="ref"}\], and the phase IV clinical trials of tocilizumab in COVID‐19 (registration number: ChiCTR2000029765) are undergoing. The efficacy and safety data needs to be verified in the future.

### Janus kinase (JAK) inhibitor {#joim13144-sec-0023}

Several cytokines signal through the JAK/STAT pathway, which is now recognized as a major target to inhibit the effect of a wide array of cytokines, including ILs (IL‐2, IL‐3, IL‐4, IL‐5, IL‐6, IL‐7, IL‐9, IL‐10, IL‐12, IL‐15, IL‐21, IL‐23), IFN‐(α, β, γ) and growth factors (GM‐CSF, TGF‐β). Thus, JAK inhibitors are increasingly used in the setting of inflammatory and autoimmune diseases \[[102](#joim13144-bib-0102){ref-type="ref"}, [103](#joim13144-bib-0103){ref-type="ref"}\]. As we mentioned above, the receptors of SARS‐CoV‐2 might be ACE2, which is widely distributed in multiple cells, especially lung AT2 alveolar epithelial cells. Most viruses, including the SARS‐CoV‐2, could enter cells through receptor‐mediated endocytosis, and one of the known regulators of endocytosis is the AP2‐associated protein kinase 1 (AAK1). Baricitinib, a JAK inhibitor, may block AAK1, as well as cyclin G‐associated kinase (GAK), which also regulates viral endocytosis. Thus, baricitinib is proposed to have the ability to reduce both the viral entry and the inflammation, which is suggested as a possible candidate for the treatment of COVID‐19 \[[104](#joim13144-bib-0104){ref-type="ref"}\]. However, JAK inhibitors also block INF‐a production, which is important in fighting virus, and may increase the risk of viral reactivation \[[105](#joim13144-bib-0105){ref-type="ref"}\]. Additionally, baricitinib has known to cause lymphocytopaenia which may not be suitable for patients with COVID‐19 who often have low lymphocyte counts \[[106](#joim13144-bib-0106){ref-type="ref"}\]. Currently, there are several baricitinib studies registered for COVID‐19, testing 2‐4 mg daily oral for 7--14 days (NCT04340232, NCT04346147, NCT04320277, NCT04321993, NCT04345289).

Recently, a multicentre, single‐blind, randomized controlled trial indicated that ruxolitinib (a JAK1/2 inhibitor) contributed to a numerically faster clinical improvement in patients with severe COVID‐19, with a significant reduction of the levels of various cytokines in the ruxolitinib group when compared to the control group \[[107](#joim13144-bib-0107){ref-type="ref"}\]. Although the patients enrolled in this study were relatively small, it is also informative to future trials to test the efficacy of ruxolitinib in a larger population. Further data from clinical trials are urgently needed to evaluate the safety and efficacy of JAK inhibitors for the treatment of COVID‐19.

Chloroquine and hydroxychloroquine {#joim13144-sec-0024}
----------------------------------

Previous studies have reported the broad‐spectrum antiviral activity of chloroquine (CQ), a widely used anti‐malarial and autoimmune disease drug, including SARS‐CoV \[[108](#joim13144-bib-0108){ref-type="ref"}\]. The potential antiviral activities of CQ have been attributed to multiple mechanisms, including increasing endosomal pH required for virus/cell fusion \[[109](#joim13144-bib-0109){ref-type="ref"}\], as well as interfering with the glycosylation of ACE2 during the viral entry \[[110](#joim13144-bib-0110){ref-type="ref"}\]. Moreover, CQ affects immune system activity by down‐regulating the production of cytokines (such as TNF‐α and IL‐6), and the expression of TNF‐α receptor, which might reduce damage due to the exaggerated inflammatory response induced by viral infection \[[108](#joim13144-bib-0108){ref-type="ref"}\].

Recent publications have drawn attention to the use of CQ in the treatment of patients with COVID‐19. Wang et al. demonstrated that CQ was highly effective in control of SARS‐CoV‐2 infection at both viral entry and postentry stages *in vitro* \[[111](#joim13144-bib-0111){ref-type="ref"}\]. Gao et al pointed that CQ phosphate had more benefits than control treatment in preventing the exacerbation of pneumonia, improving lung imaging findings, promoting a virus‐negative conversion and shortening the disease course in more than 100 patients with COVID‐19 \[[112](#joim13144-bib-0112){ref-type="ref"}\]. However, the margin between the therapeutic and toxic dose is relatively narrow and the side effect of CQ poisoning may even lead to death \[[113](#joim13144-bib-0113){ref-type="ref"}\]. The preliminary safety results from a parallel, double‐blinded, randomized, phase IIb clinical trial showed that the high dosage CQ group (12 g total dose over 10 days) presented more QTc \> 500 ms and a trend towards higher lethality than the lower dosage (5 days of treatment, total dose 2.7 g), suggesting the higher CQ dosage should not be recommended for critically ill patients with COVID‐19 because of its potential safety hazards \[[114](#joim13144-bib-0114){ref-type="ref"}\].

Besides, there is a growing trend of preference for hydroxychloroquine (HCQ), a less toxic derivative of CQ. Yao et al. reported that HCQ was more effective *in vitro* than chloroquine for both prophylaxis and treatment \[[115](#joim13144-bib-0115){ref-type="ref"}\]. However, the results of clinical trials of HCQ remain controversial. An open‐label nonrandomized clinical trial of 20 patients with COVID‐19 in France treated with HCQ alone or in combination with azithromycin showed a significant reduction of the viral carriage 6 days after the inclusion when compared to controls \[[116](#joim13144-bib-0116){ref-type="ref"}\], whilst other similar studies found no difference in the rate of virologic clearance and clinical outcomes \[[117](#joim13144-bib-0117){ref-type="ref"}, [118](#joim13144-bib-0118){ref-type="ref"}\]. These inconsistent results may be partly due to the small sample size or the difference in the severity of the patient's condition.

To date, evidence for the use of CQ and HCQ in COVID‐19 is still limited and inconclusive, which is mainly from *in vitro* and small‐scale, poorly controlled or uncontrolled clinical studies. Additionally, safety hazards should also be placed a premium for the use of CQ and HCQ in patients with COVID‐19. Therefore, safety data and results from high‐quality, well‐performed randomized clinical trials in patients with COVID‐19 are urgently needed to elucidate the true clinical application value of CQ and HCQ.

Prospect {#joim13144-sec-0025}
========

COVID‐19 is the third highly pathogenic human coronavirus infectious disease after SARS and MERS. Accumulating evidence has shown that CSS might be one of the most important and deadly complications in severe patients with COVID‐19, whilst current knowledge about this is still very limited. Given the different manifestations of CSS in various clinical issues, it is of paramount importance to further recognize the nature of the initiation and progression of this systemic inflammatory process, which will be greatly helpful to curb this deadly clinical situation by reducing the mortality in the setting of COVID‐19 and other diseases.
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